We present a concept to improve the spatial resolution of silicon pixel-detectors via the implementation of position dependent inter-pixel cross-coupling. By segmenting the readout implantations and AC-coupling the sub-pixels, a part of the pixel charge is shared with neighboring pixels. For example, such a sensor can be realized in radiation tolerant high-voltage CMOS processes facilitating its application in modern particle colliders. Simulations to study the impact of different coupling capacitances on the spatial resolution are presented and an improvement of the spatial resolution by approximately 40 % is demonstrated.
Introduction
With high spatial resolution, fast timing, and good radiation-hardness, pixel detectors are the preferred choice for the innermost particle trackers at various collider experiments [1] . Thin planar silicon sensors are becoming a trend for the new generation of pixel detectors, due to advantages like reduced material budget, lower power consumption, and improved radiation tolerance. Multiple thin pixel-sensor designs are currently under development, such as 100 µm and 150 µm sensors for the hybrid pixel-detectors at the ATLAS and CMS experiments [2, 3] and 50 µm sensors for pixel detectors at the proposed Compact Linear Collider [4] .
Thinning of sensors while keeping the pixel pitch, leads to a reduced number of detecting pixels per charge deposition (cluster size) and therefore to a deterioration of spatial resolution [5] . The reason is decreased charge sharing caused by reduced lateral extension of the charge cloud. Especially, after high levels of radiation, small charge depositions due to charge-carrier trapping cannot be discriminated from noise, and clusters have mainly the size of one [5, 6] . It is possible to increase the cluster size by reducing the pixel pitch and thereby improving spatial resolution [3] . However, the minimum pixel pitch is limited by space requirements for the integration of the charge digitization electronics. For standard hybrid pixel-detector designs the minimum bump-bond pitch imposes an additional restriction. A recent concept for a sensor design, named Enhanced LAteral Drift (ELAD) sensors [7] , provides a method to enhance the lateral electric field and consequently charge sharing by using additional buried n + and * Equal contribution p + implants. However, the production of such sensors requires a complex dedicated process that is not easily available. A different approach enhancing the spatial resolution is to make use of capacitive coupling between readout electrodes, an effect already extensively studied for strip detectors [8, 9] . Recent work indicates the possibility of beneficial cross-coupling also for pixel detectors [10, 11] . In this paper, we propose a sensor layout where dedicated inter-pixel capacitances are used to enhance capacitive charge sharing. In addition, the pixel is segmented into AC-coupled sub-pixels to further enhance spatial resolution. Such sensors can be produced in a high-voltage CMOS process and are therefore suitable for the high radiation environments of modern collider experiments [12] .
We propose a sub-pixel geometry for 50 µm × 50 µm pixels, discuss the feasibility based on an implementation strategy, and evaluate the influence of different coupling strengths on the spatial resolution with simulations.
A pixel sensor design with sub-pixel cross-coupling
For the following investigations we consider a silicon sensor with square pixels. The readout implantation is segmented into four sub-pixels in the form of triangles, as depicted in Figure 1 . We employ a connection scheme, where each subpixel is AC-coupled to the closest sub-pixel of the adjacent pixel and all sub-pixels are AC-coupled to the readout of the corresponding pixel. The equivalent circuit is illustrated in Figure 2 , together with the readout electronics. The capacitance net is demonstrated for pixels along the cut line shown in Figure 1 . For instance, sub-electrodes 1 and 3 are AC-coupled to the readout channel via capacitors C AC , therefore the sum of their signals is received at the input of the readout electronics. The cross-coupling is realized via inter-pixel capacitors C int . Analogously, capacitive charge sharing also takes place between all subpixels via the parasitic capacitance C p and C p . The capacitance to the back plane C d and parasitic capacitances can be confined to small values (∼ fF) by controlling the size and depth profile of the electrode implants [13] . To ensure good charge collection performances, C AC is in the order of 100 fF or even a few pF. Therefore, the inter-pixel coupling capacitance must be sufficiently large to induce enough charge on the adjacent readout channel. Since C int , C d and other parasitic capacitances are connected in parallel, the total inter-pixel capacitance is dominated by C int .
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Simulation
Inter-pixel capacitance and charge sharing
The capacitive charge-sharing between coupled electrodes depends on the inter-pixel capacitance and is determined with a transient simulation using SPICE [14] . As depicted in Figure 3 , a simplified model is implemented with one pair of AC-coupled sub-pixels and no parasitic capacitances. The sensor is represented by a parallel circuit Charge Sensitive Amplifier (readout electronics) Sensor
Unity-Gain Buffer Figure 3 : Simulation circuit of two sub-pixels which are coupled with an inter-pixel capacitor C int . The current pulse is injected in the sensor and integrated by the readout for a voltage signal.
containing the capacitance C d at full depletion, a resistor R d for the DC-current working point, and a current source (I s1 , I s2 ) that mimics the charge deposition of a particle via a pulsed current. It has a rise time of 0.2 ns, peaks at 0.7 µA for 1 ns and has a fall time of 1 ns. The readout consists of a charge-sensitive amplifier (CSA) with a feedback capacitor C f and a large bleeder resistor R f . The CSAs are modelled using an ideal voltage dependent current source with transconductance g m , a capacitor C o and a parallel resistor R o leading to an open-loop gain of a o = 500, hence an effective capacitance of CSA as C CSA = C f (a o + 1) ≈ 2.5 pF. Sensor and readout are ACcoupled using a capacitor C AC = 500 fF, which together with the serial connected C CSA delivers a total capacitance C CSA+AC ≈ 417 fF. The given parameters deliver a 90% charge collection efficiency (CCE) representing the portion of the total deposited charge Q 0 collected by all readout channels. For a current injection in sub-pixel 1, the charge collected by sub-pixel 2 is given by
The charge-sharing fraction k indicates the portion of the collected charge that coupled to the coupled sub-pixel. According to the presented condition, we obtain k = Q 2 /(CCE· Q 0 ). A DC-coupling readout is also applicable by using a CSA with smaller C CSA , and the charge sharing property can be acquired by substituting C CSA+AC in (1) with C CSA . With injecting signal I s1 (t) in a sub-pixel, the inter-pixel capacitor is varied from 0 fF to 500 pF. The value of k is determined by the output voltages of CSAs as V OUT2 /(V OUT1 + V OUT2 ). As depicted in Figure 4 , k up to approximately 35% can be reached, which is consistent with (1) . Larger k up to 50% can be achieved through larger C int and/or smaller C CSA+AC . The implementation of the design with stated coupling capacitors is feasible in CMOS processes (typically 2 fF µm −2 ), since the available area per pixel fulfills the required size. 
Charge sharing and spatial resolution
To investigate the impact of charge sharing on spatial resolution, a simulation is created using a silicon sensor with 50 µm × 50 µm pixels, p-type bulk, and 100 µm thickness. Such design is consistent with the inner tracker upgrades for the ATLAS and CMS [2, 15] experiments. However, no gaps between the readout n + -implantations are assumed, corresponding to a fill factor of 100%. The evolution of the charge cloud for a point-like charge deposition is simulated using the continuity equation, following [16] . Since charge carrier densities from low-energy photons and minimumionizing particles are low, it is sufficient to consider diffusion only [17] . Hence, the evolution of charge cloud is described by a normal distribution for the charge-density, whose time dependent width is given as
with T the temperature, µ the electron mobility, and applying the "Einstein-relation" D/µ = k B T /e. The drift time t for charge carriers deposited at depth z in an overdepleted sensor (V > V dep ) with thickness d is inserted into (2), yielding [18] 
For the simulation of charge sharing from perpendicular tracks of minimum-ionizing particles the effective width of charge cloud is given as
This width follows from the parameters chosen in the simulation, assuming room temperature (T = 300 K), a bias voltage of V = 80 V, and a bulk resistivity of 2 kΩ · cm with a corresponding full-depletion voltage V dep ≈ 50 V.
To estimate the charge collected per sub-pixel, the charge cloud distribution after drift is projected onto the readout surface and integrated over the sub-pixel area:
Here, Q 0 is the total charge deposit at position (µ, ν). Charge sharing is added for each pair of coupled sub-pixels according to
and the total charge of each pixel is calculated as the sum over the four sub-pixels. Spatial resolution depends on the charge digitization parameters defined by the readout electronics, as e.g. shown in [10] , and is therefore also simulated. We assume a charge discretization error from digitization of 10 % Q 0 , a Gaussian noise on the charge signal of 2 % Q 0 , and a threshold-to-signal ratio of 10 % and 20 %. These values are comparable to the performance of existing pixel detectors, e.g., of the ATLAS and CMS experiments [19, 20] . For hit position reconstruction the pixel is divided into effective pixels with disjunct charge signatures, as illustrated in Figure 5 . Similar to the method described in [21] , each hit position is compared to the center-of-gravity of the corresponding effective pixel area and a resolution is calculated. The overall resolution follows from the resolutions of all effective pixels weighted by their area. This position reconstruction method uses the full knowledge of the charge-sharing function. The effective pixel method also allows one to find a charge-sharing function even for complex geometries and in two dimensions, as the case for irregular sub-pixels.
Results
The simulation results are presented in Figure 6 for chargesharing fractions k up to 0.5 and detection thresholds 10% Q 0 , and 20% Q 0 . Without cross-coupling (k = 0, i.e. in a standard sensor), charge is shared by diffusion only. For higher threshold, cluster sizes are reduced and the spatial resolution deteriorates, approaching the theoretical value of pixel pitch √ 12 ∼ 14.4 µm .
The spatial resolution is improved with increasing chargesharing fractions. Independent of the detection threshold, a significant improvement of spatial resolution by approximately 40% occurs, as long as the shared charge is above the corresponding detection threshold. The cross-coupling and the sub-pixel structure yield larger clusters, hence, a finer division of effective pixels as depicted in Figure 7 . Due to the dominantly large effective pixel for k = 0 (a), the demonstrated particle's incident position will be reconstructed at the pixel center. For k = 0.25 (b), the same hit position is reconstructed through a smaller triangular effective pixel, and gives a smaller residual. The same reason is also valid for the limiting case of binary readout, and the improvement is still approximately 20%.
When the charge-sharing fraction approaches 0.5, the resolution degrades again, because the reconstruction algorithm is no longer able to distinguish which pixel is hit. Figure 7 : Layouts of effective pixels as different colored areas for charge-sharing fraction k = 0 (a) and k = 0.25 (b) with threshold 10% Q 0 . "G" is the simulated particle's incident position, which is identical for both cases. "#" represents reconstructed position for the corresponding charge-sharing fraction. The residuals in x are illustrated as the distances between the dashed lines.
Conclusion
The concept of improving spatial resolution in pixel detectors by introducing directional cross-coupling is demonstrated using simulations. A potential coupling scheme is simulated and charge-sharing fractions up to 35% are achieved with realizable coupling capacitors below 500 fF. For the proposed sensor design with 50 µm × 50 µm pixels, an improvement in spatial resolution of about 40% is demonstrated, independent of the detection threshold. The only requirement is a sufficiently large charge-sharing fraction, so that the charge in adjacent sub-pixels is above the detection threshold. With non-conventional sub-pixel implants and an increased number of capacitors, a more complex sensor design is required. Potential challenges of such sensors are increased input capacitances from the implementation of the coupling capacitors and a reduced fill factor due to the segmentation of the readout implantations. This has a potentially negative impact on the signal-to-noise and hit-detection performances. Due to the dependence of process and design, such performance figures are difficult to access with simulations, especially after radiation damage, and therefore requires measurements on produced devices.
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